BACKGROUND: Multiple interventions have been tested in models of cardiopulmonary resuscitation (CPR) to optimize drug use, chest compressions, and ventilation. None has studied the effects of positive end-expiratory pressure (PEEP) on outcome. We hypothesized that because PEEP can reverse pulmonary atelectasis, lower pulmonary vascular resistance, and potentially improve cardiac output, its use during CPR would increase survival. METHODS: Anesthetized Sprague-Dawley rats were exposed to 1 min of asphyxial cardiac arrest. Resuscitation was standardized and consisted of chest compressions, oxygen (Fio 2 1.0), and IV epinephrine 30 g/kg (Series 1) and 10 g/kg (Series 2). Left ventricular function was assessed by echocardiography (Series 1), and animals were randomized to receive either 5 cm H 2 O PEEP or zero PEEP at commencement of CPR and throughout resuscitation. Survival was defined as the presence of a spontaneous circulation 60 or 120 min (Series 2) after initial resuscitation. RESULTS: There were no baseline differences between the groups. In Series 1, administration of 5 cm H 2 O PEEP (Fio 2 1.0 and 0.21) was associated with improved survival compared with zero PEEP (7/9 and 6/6 vs 0/9, P Ͻ 0.01 and Ͻ0.001, respectively). Application of 5 cm H 2 O PEEP (Fio 2 1.0) increased left ventricular end-diastolic area, systemic oxygenation, and functional residual capacity. Use of PEEP during CPR did not adversely affect left ventricular systolic function or arterial blood pressure. The outcome differences were not due to increased oxygenation because the rank order of survival was 5 cm H 2 O PEEP (Fio 2 1.0) Ϸ 5 cm H 2 O PEEP (Fio 2 0.21) Ͼ zero PEEP (Fio 2 1.0), whereas the rank order of Pao 2 was 5 cm H 2 O PEEP (Fio 2 1.0) Ͼ 5 cm H 2 O PEEP (Fio 2 0.21) Ϸ zero PEEP (Fio 2 1.0). In an additional series in which epinephrine 10 g/kg was used (Series 2), the survival was 100% with no beneficial effects of PEEP. CONCLUSION: In asphyxial cardiac arrest in a small rodent model, continuous application of PEEP (5 cm H 2 O) during and after CPR had beneficial effects on survival that were independent of oxygenation and without adverse cardiovascular effects. Out come after cardiopulmonary resuscitation (CPR) is poor. The optimal approach to chest compressions and vasoactive drug and ventilatory management in CPR has been the focus of much research 1 and has been incorporated into updated guidelines. 2 Although positive end-expiratory pressure (PEEP) has been studied in many settings in the critically ill 3 and in connection with ventricular fibrillation, 4 the role of PEEP in asphyxial cardiac arrest has received limited attention. Administration of PEEP may increase cardiac output by lessening left ventricular afterload or by reversing atelectasis-induced increases in pulmonary vascular resistance (PVR), thereby reducing right ventricular afterload. In addition, PEEP may increase oxygenation by lessening the development of pulmonary edema, 3 decreasing atelectasis, and improving ventilation/perfusion matching. Conversely, PEEP may potentially reduce cardiac output and organ perfusion by reducing venous return.
We hypothesized that administration of PEEP would improve outcome after CPR in a rodent model of experimental cardiac arrest.
METHODS

Animal Selection and Care
Adult male Sprague-Dawley rats (340 -400 g; Charles-River, Quebec) were used in all experiments. Institutional Ethics approval was obtained from the Animal Care Committee at the Research Institute at the Hospital for Sick Children. All animal work conformed to the guidelines of the Canadian Council for Animal Care.
Anesthesia and Ventilation
Anesthesia was induced with intraperitoneal ketamine (60 mg/kg) and xylazine (5 mg/kg). The depth of anesthesia was confirmed by the absence of response to paw clamp. A tracheostomy was performed with a 14°cannula. Teflon catheters (24°, Becton Dickinson, Sandy, UT) were inserted into the penile vein and into the aorta (via the femoral artery). Electrocardiogram recordings were made with subcutaneous limb leads. The animals' lungs were ventilated with the following settings: tidal volume (V T , 8 mL/kg), respiratory rate (RR, 38/min), PEEP (1 cm H 2 0), and Fio 2 0.21. A small animal ventilator (Model 683; Harvard Apparatus, South Natick, MA) was used. A fluid bolus of lactated Ringer's solution (5 mL/kg) was administered over 15 min. Anesthesia was maintained with a continuous infusion of ketamine and xylazine (20 and 1 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 , respectively). Core temperature was regulated with a homeothermic blanket control unit (Model 50-7079-F; Harvard Apparatus). The animals were then allowed 20 min for stabilization.
Experimental Protocol
Asphyxial cardiac arrest was induced by disconnecting the tracheostomy tube from the ventilator. Cardiac arrest was defined as a mean arterial blood pressure of Ͻ10 mm Hg. The asphyxial time interval was defined as the period between ventilator disconnection and the commencement of resuscitative efforts. Resuscitation was commenced 1 min after the onset of cardiac arrest 5,6 by restarting ventilation (V T 8 mL/kg, RR 38/min, with PEEP and Fio 2 as below-Series 1). Administration of a single dose of IV epinephrine (Series 1: 30 g/kg, Series 2: 10 g/kg; see below) was followed by manual anteroposterior compression of the thorax (approximately 200/min). 7 Successful initial resuscitation was defined as return of spontaneous circulation (ROSC) when the mean arterial blood pressure was sustained at Ն50 mm Hg. Survival, the main study end point, was defined as the presence of spontaneous circulation for 60 or 120 min after initial resuscitation. Resuscitative efforts were discontinued if ROSC did not occur within 10 min of chest compressions. Mean arterial blood pressure, body temperature, and airway pressures were monitored throughout. Arterial blood gases were measured before cardiac arrest and at 10, 30, and 60 min after resuscitation. Ventilation was for 60 min (Series 1) or 120 min (Series 2) or until death (defined here as mean arterial blood pressure Ͻ10 mm Hg). At the end of the experiment, all animals were killed using an anesthetic overdose.
Two series of experiments were performed: Series 1. Asphyxial cardiac arrest followed by resuscitation with epinephrine 30 g/kg, Fio 2 1.0, and ventilation as above, and randomized to either 5 cm H 2 O PEEP or to zero PEEP. To assess whether the higher oxygenation achieved with PEEP explained the results, an additional group was studied in which CPR was completed using 5 cm H 2 O PEEP and Fio 2 ϭ 0.21 (instead of 1.0). Finally, to determine the effect of PEEP on functional residual capacity (FRC), additional groups of animals were studied in which the FRC was measured 15 min after CPR with PEEP of 5 or 0 cm H 2 O (Fio 2 1.0 only). 8 Series 2. Asphyxial cardiac arrest was followed by resuscitation with epinephrine 10 g/kg (vs 30 g/kg as in Series 1), Fio 2 ϭ 1.0, ventilated as above but extended to 120 min, and randomized to 5 cm H 2 O PEEP or to zero PEEP.
Transthoracic Echocardiography
The sonographer was blinded to the allocation of PEEP. Echocardiography was performed using a Hewlett-Packard Sonos 5500 echocardiographic system (M2424A, Andover, MA) with a 7.5 MHz transducer set to a sweep speed of 150 cm/s, as previously described. 5, 6 Examination was performed in the supine position, with all two-dimensional images and M-Mode tracings acquired at chordal level from a short-axis view. The transducer was gently applied to the left parasternal border to obtain a short-axis view of the left (distal to the mitral valve leaflets) and right ventricles at a frame rate of at least 113 Hz and a depth of 2 cm. Data were obtained at baseline and at 1, 2, 3, 4, 5, 10, 30, and 60 min after resuscitation. Images were stored electronically for subsequent blinded analysis. From M-Mode images, off-line measurements were made of left ventricular cavity dimensions at endsystole and end-diastole. Fractional shortening (FS) was calculated as:
where LVEDA and LVESD indicate left ventricular end-diastolic and end-systolic diameters, respectively. From two-dimensional images, left ventricular cavity areas were calculated from a short-axis view of the heart just distal to the mitral valve. Left ventricular end-diastolic area (LVEDA) was determined at the peak of ventricular filling by tracing along the endocardial border of the chamber, which adopts a circular configuration. Left ventricular end-systolic area was determined after ventricular emptying by tracing along the endocardial border of the chamber in a similar fashion. Three measurements were taken for each variable and were averaged.
Lung Edema and Functional Residual Capacity
Lung edema was assessed using lung wet/dry weight ratio, as previously described. 5 FRC was measured at end-expiration by direct volume displacement at the completion of the experiment, as previously described. 8 
Statistical Analysis
All data were analyzed using commercial software (Sigma Stat, Version 2.0; Jandel Corporation, San Raphael, CA). Survival data were compared using Kaplan-Meier analysis. Fischer's exact test or 2 tests was used to compare proportions, and parametric data were analyzed by analysis of variance and post hoc Student-Newman-Keuls tests. Nonparametric data are expressed by repeated measures analysis of variance for ranks. Significance was set at P Ͻ0.05. Nonparametric data are expressed as median and interquartile range, and parametric data as mean Ϯ sd.
RESULTS
All baseline variables (weight, Pao 2 , Paco 2 , and pH) were comparable among groups in all series.
High-Dose Epinephrine (Series 1, Epinephrine 30 g/kg)
Survival and ROSC Survival after cardiac arrest was better with PEEP (Fio 2 1.0 and 0.21) versus no PEEP (7/9 vs 6/6 vs 0/9, P Ͻ 0.01; Fig. 1 ). All animals attained initial ROSC. The time required for ROSC was similar with PEEP (5 cm H 2 O) versus no PEEP (33 Ϯ 7 vs 36 Ϯ 7 vs 46 Ϯ 17 s; P ϭ 0.08).
PEEP, Oxygenation, and Respiratory Mechanics
PEEP was associated with higher FRC (Fio 2 1.0) (Fig. 2, Panel A) . PEEP was also associated with smaller increases in peak airway pressure (Fig. 2,  Panel B ) after CPR and with lower wet/dry lung weight ratio and was not affected by level of inspired oxygen (Fig. 2, Panel C) . The Pao 2 achieved with 5 cm H 2 O PEEP (and Fio 2 0.21) was comparable to that achieved with zero PEEP (and Fio 2 1.0) and lower than that achieved with 5 cm H 2 O PEEP (and Fio 2 1.0) (66 Ϯ 10 and 89 Ϯ 16 mm Hg vs 424 Ϯ 84 mm Hg; P ϭ 0.001; Fig. 2, Panel D) . Arterial pH decreased immediately after cardiac arrest and ROSC and returned to near normal levels at 30 min with PEEP 5 cm H 2 O, Fio 2 1.0 (7.23 Ϯ 0.11) versus zero PEEP (7.1 Ϯ 0.01, P ϭ 0.14). Arterial base excess also decreased after cardiac arrest and ROSC with PEEP 5 cm H 2 O/Fio 2 1.0 (Ϫ9.23 Ϯ 3.4) versus zero PEEP (Ϫ14.5 Ϯ 0.35; P ϭ 0.86). Paco 2 increased after arrest and ROSC and then remained slightly higher than normal in both groups. HCO 3 decreased significantly after arrest and ROSC, with minimal recovery in both groups.
Cardiac Performance
The left ventricular end-diastolic area (LVEDA) was similar in both groups at baseline and decreased in both groups after cardiac arrest, but to a lower level in the zero PEEP group (P Ͻ 0.05 versus baseline; Fig. 3 , Panel A). The FS was similar at baseline, increased in both groups immediately after arrest, and decreased thereafter, remaining below baseline (P Ͻ 0.05 over time, both groups). There were no between-group differences in FS at any time ( Fig. 3, Panel B ).
Conventional-Dose Epinephrine (Series 2, Epinephrine 10 g/kg)
The administration of PEEP did not affect outcome when 10 g/kg of epinephrine was used during CPR after asphyxial cardiac arrest. All animals (5 cm H 2 O PEEP and zero PEEP) survived to 120 min after CPR.
DISCUSSION
The current study explores the mechanisms of PEEP-mediated effects during CPR after asphyxial cardiac arrest. After high-dose epinephrine, PEEP improved survival and diastolic function but did not alter systolic function or hemodynamics. Lung volumes were increased and pulmonary edema reduced. Although arterial oxygenation improved after administration of PEEP, improvements in survival were not mediated by this mechanism because the rank order of survival was 5 cm H 2 O PEEP (Fio 2 1.0) Ϸ 5 cm H 2 O PEEP (Fio 2 0.21) Ͼ zero PEEP (Fio 2 1.0), whereas the rank order of oxygenation (Pao 2 ) was 5 cm H 2 O PEEP (Fio 2 1.0) Ͼ 5 cm H 2 O PEEP (Fio 2 0.21) Ϸ zero PEEP (Fio 2 1.0). This is the first study, to our knowledge, to evaluate the effect of PEEP and high versus low doses of epinephrine in the setting of asphyxial cardiac arrest. PEEP has been studied in models of cerebral perfusion 4 during ventricular fibrillation and using active compression-decompression CPR, in which it improved indices of organ perfusion but not survival. 9 Constant flow insufflation during CPR also improves systolic arterial blood pressure and carotid flow, but not survival. 10 Thus the current study suggests that PEEP may be fundamentally different from other ventilation adjuncts in CPR and might be explored as an experimental option in other cardiac arrest models.
Rationale for Epinephrine Use
Epinephrine is a mainstay of cardiovascular therapy in advanced cardiac life support. 2 Higher doses of epinephrine, compared with lower doses, have been associated with improved initial resuscitation and survival to hospital admission but not to hospital discharge. 11 There are significant concerns regarding the potential toxicity of epinephrine at higher doses, specifically the potential direct cause of cardiac dysfunction and death after initially successful resuscitation. 11 These concerns are supported by laboratory studies in which epinephrine has been associated with myocyte injury and pulmonary edema, and death. 5, 6 These concerns have led to the study, and adoption, of a "pure" vasoconstrictor (e.g., vasopressin) as part of most CPR algorithms 2 ; nonetheless, although alternatives are available, epinephrine remains the initial vasopressor of choice. 2 IV epinephrine achieves a plasma peak and maximal cardiovascular effect within 2 min, 12 but the majority of deaths secondary to the medication itself occur after several half lives, suggesting that death is not due to the ongoing effect of exogenous epinephrine but rather to injury incurred early in the resuscitation effort. 12 
Cardiopulmonary Interactions During CPR
Cardiac filling is fundamental to the generation of a cardiac output, and therefore to the success of resuscitation and subsequent cardiac performance. Cardiac arrest may be accompanied by atelectasis 13 and an increase in PVR that is aggravated by conventional CPR techniques. Because the pulmonary and systemic circulations exist in series, a critical increase in PVR (made more significant by impaired flow) could reduce already impaired systemic perfusion, making salvage unlikely or impossible. Reversal of elevated PVR may therefore improve resuscitation potential.
PVR is affected by alterations in minute volume, airway pressure, lung volume, pH, and arterial oxygen content. In this study, we chose to investigate the effect of PEEP, which can potentially affect all of these variables. In the study, where epinephrine was used in "higher" doses (30 g/kg), the PEEP improved survival and cardiac performance, increased FRC, and reduced pulmonary edema, which in turn reduced airway pressure (reflecting increase compliance), and increased arterial oxygen content and delivery. A survival benefit was not seen with epinephrine 10 g/kg, however. We speculate that PEEP, by initially reducing venous return and right ventricular output, may protect against the previously demonstrated abrupt dose-related pulmonary venous hypertension and pulmonary edema associated with epinephrine dosing in experimental asphyxial cardiac arrest. 6 We confirmed, by using PEEP with lower Fio 2 , that the beneficial effect was not due to the effect on oxygenation. Finally, it is possible that PEEP reduced left ventricular afterload as well as preload.
Ventilator Strategies During CPR
Suboptimal ventilator strategies may adversely affect the outcome of resuscitative efforts. 14 However, the ideal ventilator settings (e.g., V t , RR, Pao 2 , and airway pressure) during CPR are not known. There are complex interactions between intrathoracic pressures, right and left ventricular function, arterial oxygenation and carbon dioxide elimination, venous return, cardiac output, and microvascular flow. 15 Although arterial oxygenation can be reasonably achieved by chest compressions without Figure 3 . Panel A, LVEDA was similar in both groups at baseline and decreased in both groups after cardiac arrest and resuscitation (P Ͻ 0.05 versus baseline, both groups) but to a lower level with zero PEEP versus PEEP 5 cm H 2 O (P Ͻ 0.05). Panel B, FS was similar at baseline, increased in both groups immediately after arrest, and decreased thereafter, remaining below baseline (P Ͻ 0.05 versus baseline, both groups). There were no between-group differences in FS at any time (Panel B). Panel C, MAP was similar in both groups at baseline and increased in both groups after cardiac arrest and resuscitation (P Ͻ 0.05 versus baseline, both groups). MAP was higher in PEEP 5 versus zero PEEP at 5, 10, 30, and 40 min (P Ͻ 0.05). Panel D, HR was similar in both groups at baseline and increased in both groups after cardiac arrest and resuscitation (P Ͻ 0.05 versus baseline, both groups). HR remained above baseline for 20 and 10 min in zero PEEP and PEEP 5, respectively. Fio 2 was 1.0 in all groups. *P Ͻ 0.05, PEEP versus zero PEEP; †P Ͻ 0.05, PEEP versus zero PEEP at each time point. LVEDA ϭ left ventricular end-diastolic area; PEEP ϭ positive end-expiratory pressure; FS ϭ fractional shortening; MAP ϭ mean arterial blood pressure; HR ϭ heart rate. independent ventilation in early treatment of witnessed cardiac arrest (usually ventricular fibrillation), this may not be true of prolonged arrests or arrest due to asphyxia. Indeed, rapid improvements in tissue oxygenation are, in contrast to ventricular fibrillation, critically important in the early treatment of asphyxial cardiac arrest. 16 Tissue hypoxia in this context may be due to the preceding event (e.g., airway obstruction), as well as reduced perfusion during CPR and pulmonary factors (e.g., pulmonary edema, hemorrhage, and atelectasis).
Respiratory system compliance has been shown to decrease after CPR. 9 However, many clinicians have reservations regarding development of "auto-PEEP" during CPR, based on fears that cardiac output and mean arterial blood pressure could be adversely affected by increased intrathoracic pressure, 4, 17 particularly in the setting of hypovolemia. 18 In the laboratory setting, improved cardiac filling and organ perfusion compared with conventional intermittent positive pressure ventilation, albeit at lower V t than in the control group, have been convincingly demonstrated. 19 In that study, lower airway pressures were associated with improved survival. Notably, animals in that study did not have any evidence of atelectasis, pulmonary hemorrhage, or pulmonary edema. 19 In a porcine model of ventricular fibrillation, PEEP increased oxygenation, improved static lung compliance, and resulted in higher coronary perfusion and systolic aortic pressures when added to CPR using an automatic cardiac defibrillator. 9
Limitations of the Study
This study has several potential limitations. First, the model investigated asphyxial cardiac arrest only, and the results cannot automatically be extrapolated to arrests from nonasphyxial causes, such as ventricular fibrillation, in which postresuscitation myocardial function is different from that after asphyxia. 7 Second, the benefit was seen only in a brief cardiac arrest and when "high-dose" epinephrine was administered; this would limit extrapolation to only a small fraction of cardiac arrests. Third, the animals did not have preexisting cardiac or respiratory disease, both of which are common in patients who suffer hypoxic cardiac arrest, and thus postresuscitation organ dysfunction patterns may differ. Fourth, there are important interspecies differences in cardiovascular physiology (rodent heart rates are significantly faster than heart rates of humans, dogs, and pigs) as well as in lung and chest wall compliance and in sensitivity to positive airway pressure; indeed, the equivalent of 5 cm H 2 O of PEEP as used in this model has not been determined in humans. Last, the ventilation protocol applied during CPR was continued into the postresuscitation phase and until the end of the protocol, and therefore does not distinguish whether survival was improved by the intra-or post-CPR intervention.
CONCLUSION
Use of PEEP during CPR was associated with improved survival in a small animal model of asphyxial cardiac arrest in which high doses of epinephrine were used. The effects appeared primarily to be related to the mechanical effects of PEEP on the respiratory and cardiovascular systems and are not due to the increase in systemic oxygenation. In the article that appeared on page 532 in the August 2009 issue of volume 109 of Anesthesia & Analgesia, the P values in the last column of Table 2 on page 534 were misaligned. Table 2 with the corrected alignments is given below:
This error has been noted in the online version of the article, which is available at www.anesthesiaanalgesia.org. 
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